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a b s t r a c t 
A permeation probe is a useful device for detecting the atomic hydrogen ﬂux to plasma-facing walls. Re- 
cently, we developed a new type of probe using 60Pd-40Cu alloy (PdCu) as the permeation material. The 
deuterium behaviors in PdCu samples were investigated using nuclear reaction analysis (NRA) and per- 
meation observations, and the diffusion coeﬃcient and recombination coeﬃcients were determined from 
these observations. It was found that the sensitivity of a 0.02-mm-thick probe was as high as 0.5 below 
473 K and was independent of the incident ﬂux. The response time at 473 K was 0.41 s and 1.3 s under an 
incident ﬂux of 10 20 m −2 s −1 and 10 19 m −2 s −1 , respectively. Thus, we concluded that the new PdCu probe 
can effectively detect the incident atomic hydrogen with high sensitivity and a suitable response time. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Hydrogen recycling from plasma-facing walls would directly af-
ect the performance of fusion devices [1–3] . Thus, its control
s an important issue for maintaining suﬃciently stable fusion
lasma over a long period of time [4] . However, little informa-
ion is available on the atomic hydrogen ﬂux to a wall, which is
he main source of recycling, because of the diﬃculties in mea-
uring neutral particles. In our previous works [5,6] , a permeation
robe with a metal membrane [7] was installed in the spherical
okamak QUEST at Kyusyu University to measure the atomic hy-
rogen ﬂux. This probe can discriminate atomic hydrogen from
ydrogen molecules based on the difference in permeation be-
aviors through the membrane. Atomic hydrogen such as neutral
toms and atomic hydrogen ions can easily enter and permeate the
etal, which is known as the plasma-driven permeation. Thermal
olecules of hydrogen, on the contrary, hardly permeate because
hey have to be dissociated into atoms before entering the metal
nd the probability of dissociation is generally very low. It was
ound that a Ni membrane probe operated for a long period of
ime (more than several thousand discharges), and provided data∗ Corresponding author. Fax: + 81 75 383 3915. 
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Please cite this article as: M. Onaka et al., Characteristic of a pdCu me
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.001 n the wall pumping and fueling, which were attributed to hydro-
en recycling [5,6] . 
There are two unique features of the permeation probe com-
ared to other diagnostic systems such as H- α measurement. The
rst involves the position quality. The probe only detects atomic
ydrogen impinging on a place where the membrane is located.
he second is its movability. Because the probe size is very small,
t can be installed inside the wall and moved by remote manip-
lation. A disadvantage of the probe is the time response due to
ydrogen diffusion through the membrane. For the real-time mea-
urement of the atomic hydrogen ﬂux, it is essential to improve
he time response. For this reason, we have developed a new probe
ith a membrane made of 60Pd-40Cu alloy (PdCu) [8] . The hydro-
en diffusion coeﬃcient in PdCu is very high [9] . PdCu has a higher
echanical strength than pure Pd, allowing a smaller membrane
hickness. These characteristics would lead to an improvement in
he time-response and sensitivity. A long operating period is also
xpected because no hydride is formed in PdCu. 
The characteristics of the permeation probe, such as its re-
ponse time and sensitivity, can be evaluated based on the
iffusion coeﬃcient and recombination coeﬃcients. However, little
nformation is available on the diffusion coeﬃcient, and there
re no data on the recombination coeﬃcients. In the present
ork, these properties were experimentally determined, and the
haracteristics of the PdCu probe were evaluated and compared
ith those of the former Ni probe. nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Schematic view of experimental setup. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Time evolution of permeation ﬂux through 0.2 mm-thick PdCu sample at 
533 K. The results of calculations with the recombination-limited analysis (CALC1) 
and diffusion analysis (CALC2) are also shown. 
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[2. Diffusion coeﬃcient 
The sample material was the palladium-copper alloy 60Pd–
40Cu (in wt%) prepared by Tanaka Kikinzoku Kogyo. A 0.2 mm-
thick disk with an effective diameter of 18.5 mm was used as a
sample specimen for diffusion coeﬃcient measurements. 
Fig. 1 shows a schematic view of an experimental setup. The
sample was mounted between upstream and downstream cham-
bers. The upstream side of the sample was exposed to deuterium
RF plasma produced in a discharge tube, and the permeation ﬂux
to the downstream side was monitored by a quadrupole mass an-
alyzer (QMA). After the permeation reached a steady state, a me-
chanical shutter [10] located between the sample and the plasma
was quickly moved from one side to the other, and the time-
dependent change in the permeation ﬂux was monitored. The
shutter had small holes at the initial position and a large hole at
the end position. Thus, the operation of the shutter increased the
deuterium incident ﬂux to the sample. In this system with plasma
and the shutter, the incident ﬂux change had little effect on the
sample temperature compared with a conventional system with a
gas pressure change. The sample was heated by a lamp, and its
temperature was 373–593 K. 
In the analysis, permeation is ﬁrst assumed to be limited by the
recombination process, that is, the hydrogen (deuterium) concen-
tration C is uniform over the sample. Since in the steady state, an
incident ﬂux F is the sum of a permeation ﬂux J through the sam-
ple and a reemission ﬂux R from the upstream surface, the ﬂux
balance is expressed as follows: 
F = J + R (1)
where, 
J = K d C 2 (2)
R = K u C 2 (3)
K u and K d are the recombination coeﬃcients of the upstream and
downstream surfaces, respectively. From Eqs. (1) –( 3 ), 
F = K u + K d 
K d 
J (4)
Eq. (4) shows that F is proportional to J. When the incident ﬂux
is changed from F i to F f at t = 0, where F i and F f are values at the
initial and the end positions of the shutter, respectively, the time
evolution of the transient permeation ﬂux J ( t ) is expressed as [11] ,
J(t ) = J f 
[
A (t ) − 1 
A (t ) + 1 
]2 
(5)Please cite this article as: M. Onaka et al., Characteristic of a pdCu m
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.001  (t ) = 
√ 
J f + 
√ 
J i √ 
J f −
√ 
J i 
exp (λt ) (6)
= 
2( K u + K d ) 
√ 
J f 
L 
√ 
K d 
(7)
here L is the sample thickness, and J i and J f are the permeation
ux at the initial ( t = 0) and ﬁnal ( t → ∞ ) states, respectively. Eq.
5) can be ﬁtted to almost all of the experimental data, as shown
y the dashed line (CALC1) in Fig. 2 with one ﬁtting parameter of
. K u and K d are estimated from λ in Eq. (7) and J f in Eq. (4) , where
 f is assumed to be 5.0 ×10 18 m −2 s −1 . In the calculation, the ini-
ial rise of the permeation curve around t = 0 cannot be ﬁtted, as
hown in the inner frame of the ﬁgure, as the result of a time-lag
aused by the diffusion process. This indicates that the permeation
s limited by the recombination process at all times except for the
nitial rise. 
In order to analyze the experimental data at the initial rise,
 one-dimensional diffusion equation is numerically solved under
he boundary conditions for recombinative desorption [6] , 
 f = [ K u C 2 − D (∂ C/∂ x )] x =0 (8)
 = [ K d C 2 + D (∂ C/∂ x )] x = L (9)
nd an initial condition of 
 ( x, 0 ) = C i (10)
 i is the steady-state deuterium concentration at t ≤ 0. It is not
ero because the sample is exposed to deuterium plasma through
he small holes in the shutter. In the analysis, K u and K d are taken
rom the above results of CALC1. These values might include some
mall errors but they do not affect the initial rise of the perme-
tion curve. The value of C i is estimated from J i and K d with Eq. (2) .
he result of the calculation with a ﬁtting parameter of diffusion
oeﬃcient D agrees well with the experimental data, as shown in
 solid line (CALC2) in Fig. 2 . The values of D at several sample
emperatures are plotted in Fig. 3 , from which D is expressed as 
 = 2 . 9 +0 . 9 −0 . 7 × 10 −8 exp (−0 . 048 ± 0 . 012 eV /kT ) m 2 / s (11)
This agrees well with the results of Völkl’s work on hydrogen
iffusion [9] , as shown in Fig. 3 , considering that the data are
omewhat scattered as a result of experimental errors, and the pre-
xponential factor of the diffusion coeﬃcient is smaller for D than
or H, typically by the inverse of the square root of the mass ratio
12] . embrane as atomic hydrogen probe for QUEST, Nuclear Materials 
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Fig. 3. Temperature dependence of deuterium diffusion coeﬃcient in PdCu. 
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Fig. 4. Temperature dependence of (a) steady-state permeation ﬂux J , (b) bulk con- 
centration C , and (c) surface density S in 0.02 mm-thick sample exposed to deu- 
terium plasma. 
Fig. 5. Temperature dependences of deuterium recombination coeﬃcients at up- 
stream and downstream surfaces of PdCu. 
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λ. Recombination coeﬃcients 
In the above diffusion measurement, a 0.2-mm-thick sample
as used to emphasize the lag-time by the diffusion process, while
he thickness of the probe membrane was only 0.02 mm for the
urpose of improving the time response. Because the recombina-
ion process is greatly affected by surface impurities [13] , the re-
ombination coeﬃcients in the 0.2 mm sample might be different
rom those in the 0.02 mm probe membrane. Moreover, the recom-
ination coeﬃcients could not be exactly estimated in the diffusion
xperiment because the exact value of the incident ﬂux was un-
nown. Hence, another series of experiments on the recombination
oeﬃcient was performed, in which the deuterium concentration
nd permeation ﬂux in a 0.02 mm-thick sample were observed at
he same time. 
The sample membrane, which was made of the same material
s the permeation probe, was set between the two chambers in
he experimental setup shown in Fig. 1 . However, the mechan-
cal shutter was removed, and the sample was set close to the
ischarge tube. Under continuous deuterium plasma exposure to
he upstream side of the sample, that is, under a steady-state per-
eation, an analysis beam of 1.7 MeV 3 He + from the 4 MV van
e Graaff accelerator of Kyoto University was used to irradiate the
lasma-exposure side, and the protons produced by a nuclear reac-
ion D( 3 He,p) 4 He were detected using a solid-state detector (SSD).
he deuterium depth proﬁle near the surface was obtained from
he energy spectrum of the protons. The probing depth was 1.5 μm.
he details of this experiment have been described elsewhere [14] .
he depth proﬁle consisted of two parts; a peak at surface and
 plateau in bulk, which were attributed to absorbed deuterium
nd dissolved deuterium, respectively. Here, the deuterium surface
ensity S and deuterium concentration C were taken from the pro-
le as an integral value between −0.2 and 0.2 μm and an averaged
oncentration between 0.2 and 1.5 μm, respectively. The negative
epth in the integration range was caused by the ﬁnite depth res-
lution of the NRA system (0.2 μm for the full width at half maxi-
um), and the deuterium atoms on the surface could be assigned
t a negative depth. The temperature of the sample was 348–643 K.
s C and S were measured under the constant permeation ﬂux,
hese parameters were considered to represented values at steady
tate. 
Fig. 4 shows the temperature dependences of J, C , and S . The
ecombination coeﬃcient on the downstream surface K d is directly
btained by substituting J and C into Eq. (2) . Fig. 5 shows the tem-
erature dependence of K d , which is expressed as, 
 d = 
5 . 13 +6 . 99 −2 . 96 × 10 −31 exp (−0 . 0012 ± 0 . 0410 eV /kT ) m 4 s −1 for T > 483K 
4 . 32 +8 . 98 −2 . 92 × 10 −27 exp (−0 . 38 ± 0 . 04 eV /kT ) m 4 s −1 for T < 483K 
}
(12) Please cite this article as: M. Onaka et al., Characteristic of a pdCu me
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.001 In order to determine K u , the time evolution of the permeation
ux J ( t ) was observed when the plasma was suddenly turned off.
n this case with a thin membrane, the deuterium permeation is
imited by the recombination process at any time, and J ( t ) is given
s follows: 
 ( t ) = 
(
λ′ t + 1 
)−2 
(13) 
′ = ( K u + K d ) 
√ 
J i 
L 
√ 
K d 
(14) mbrane as atomic hydrogen probe for QUEST, Nuclear Materials 
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Fig. 6. Temperature dependences of response time τ in PdCu and Ni membranes 
with 0.02 mm thickness. 
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ﬂ  by solving a particle balance equation [11] . The parameter λ’ was
estimated by ﬁtting the experimental data with Eq. (13) . Then, K u 
was determined from Eq. (14) using the initial permeation ﬂux
J i and recombination coeﬃcient K d . K d was taken from the data
shown in Fig. 5 . The temperature dependence of K u is shown in
Fig. 5 and expressed as follows: 
K u = 1 . 43 +0 . 57 −0 . 41 × 10 −26 exp ( −0 . 40 ± 0 . 01 eV /kT ) m 4 s −1 (15)
The recombination coeﬃcient on the upstream surface K u can
be expressed as an Arrhenius equation, as shown in Eq. (15) , which
indicates that the recombination is limited by a single process. Ac-
cording to Pick’s model under an equilibrium of hydrogen atoms
between the surface and the bulk just beneath the surface [13] ,
the pre-exponential factor of K u , K u 0 , is around νN 
−4/3 / h 2 , where
ν , N , and h are the attempt frequency, atomic density of PdCu, and
number of solution sites per host atom, respectively [14] . K u 0 is
estimated to be 3.4 ×10 −27 m 4 s −1 . Here, ν is taken as 10 13 s, N
is 7.6 ×10 28 m −3 , and h = 3. The value of h is based on the bcc
structure of PdCu [15] . The estimated value of K u 0 is smaller than
the experimental one in Eq. (15) by a factor of four. However, K u 0 
can be explained by the model because the attempt frequency is
a typical value, not an exact one for PdCu. The recombination co-
eﬃcient of the downstream surface K d below 483 K is essentially
the same as K u within the range of experimental errors. In con-
trast, over 483 K, K d cannot be explained by the model. The pre-
exponential factor is much smaller than the estimated value. This
inconsistency has also been observed in pure Pd and D systems
[16] . This could be because the surface and bulk cease to be in
equilibrium, or the rate-determining process changes from surface
recombination to another process such as bulk recombination [17] .
The surface density S increases with a decrease in the sam-
ple temperature until it seems saturated, as shown in Fig. 4 (c),
although the data are scattered as the result of the low proton
yield of the NRA. When the surface density is high, some incident
particles are blocked by surface hydrogen atoms, and the particle
balance in Eq. (1) should be rewritten as follows: 
F ( 1 − θ ) = J + R (16)
where θ is the deuterium surface coverage expressed as follows: 
θ = S/ S 0 (17)
S 0 is the saturation density and is estimated to be 4.0 ×10 19 m −2 
from Fig. 4 . It is larger than the maximum value of the surface
atomic density of PdCu, 1.8 ×10 19 m −2 although these two values
are expected to agree with each other. One reason is that the
surface roughness increases the effective surface density [18] .
From Eqs. (2) , ( 3 ), and ( 16 ), F is expressed as, 
F = ( K u + K d ) 
K d (1 − θ ) 
J (18)
As the plasma condition is ﬁxed in the whole experiment, F
should be constant, which is conﬁrmed by the data shown in Fig.
5 . This indicates that the values of K u and K d are valid because
these parameters are determined independently of F . The value
of F = 1.5 ×10 20 m −2 s −1 is much larger than F f = 5.0 ×10 18 m −2 s −1
in the diffusion experiment because the sample is located very
close to the outlet port of the discharge tube in this experiment
while it is apart from the port due to the shutter in the diffusion
experiment. 
4. Discussion 
The performances of the PdCu probe, including the response
time, sensitivity, and measurement range will be evaluated using
diffusion coeﬃcient D and recombination coeﬃcients K u and K d .
The performance of the Ni probe will also be evaluated using DPlease cite this article as: M. Onaka et al., Characteristic of a pdCu m
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.001 9] , K u , and K d [6] . The two membranes have the same thickness,
.02 mm. 
The response time τ is deﬁned here as the intersection of the
ime axis with the tangent line at the inﬂection point of the per-
eation curve. The permeation curve is calculated from the diffu-
ion equation [6] when the incident ﬂux is changed from 0 to F at
 = 0. The result is shown as a function of the temperature depen-
ence in Fig. 6 . At an operating temperature of 575 K, the τ values
f PdCu and Ni are nearly the same under an incident ﬂux of 10 19 
 
−2 s −1 , which is a typical value in QUEST [6] . At a higher incident
ux of 10 20 m −2 s −1 , PdCu shows a good response time of 0.21 s,
hich is superior to that of Ni. 
Sensitivity p is deﬁned as the ratio of the permeation ﬂux to
he incident ﬂux, J / F . In the recombination-limited permeation, p
s expressed as follows: 
p = K d 
K u + K d 
(19)
rom Eq. (4) . The sensitivity p does not depend on the inci-
ent ﬂux. This is applicable to the PdCu probe. For the non-
ecombination limited permeation, such as in the Ni probe, p is
iven from Eqs. (1) –( 3 ) and Fick’s ﬁrst law as follows: 
p = 
( 
K u L 
2 
D 2 
J + 2 K u L 
D 
√ 
K d 
√ 
J + K u + K d 
K d 
) −1 
(20)
Eq. (20) indicates that p decreases with an increase in the per-
eation ﬂux, and hence the incident ﬂux. The temperature depen-
ence of the sensitivity is shown in Fig. 7 . It is clear that PdCu
as the advantages of high sensitivity at lower temperatures and
ndependence in relation to the incident ﬂux. 
The rate-determining process of permeation at lower incident
ux is generally not the diffusion process but the recombination
rocess because the diffusion and recombination rates obey the
rst-order kinetics and the second-order kinetics of hydrogen
oncentration, respectively. This means that Eq. (19) could not
e applied at higher incident ﬂux and there should be the upper
etection limit for F in the recombination-limited permeation.
ere, the upper detection limit is obtained using a condition
here the hydrogen concentration difference between the up-
tream and downstream sides becomes 10% of the upstream-side
oncentration. Above this limit, the permeation is no longer
egarded as the recombination-limited permeation. The upper
imit of PdCu between 348 and 643 K is found to be no less than
 ×10 22 m −2 s −1 , which is much higher than the typical incident
ux of 1 ×10 19 m −2 s −1 in QUEST [6] . The upper limit in the Niembrane as atomic hydrogen probe for QUEST, Nuclear Materials 
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Fig. 7. Temperature dependences of sensitivity p in PdCu and Ni membranes with 
0.02 mm thickness. 
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[  robe is only 9 ×10 16 m −2 s −1 at a maximum. It should be noted
hat, according to Eq. (16) , J depends on not only F but also the
urface coverage θ at high surface densities. The upper limit,
owever, does not take θ into account due to lack of information
o estimate θ at any given temperature and F . The lower detection
imit for F generally depends on the background level of a partial
ressure of hydrogen. Therefore, the limit cannot be determined
sing the properties of the probe alone, but the vacuum system
ust also be considered. For the purpose of reference, the lower
etection limit in the present work is listed as 5 ×10 15 m −2 s −1 . 
Based on the above discussion, PdCu is found to be a very suit-
ble material for an atomic hydrogen probe. It is important to set
n operating temperature for the probe because the response time
improves with increasing temperature, whereas the sensitivity
 decreases. When F is high, a high temperature such as 600 K is
referable. The response time is very good, and the low sensitiv-
ty is compensated by the high incident ﬂux. When F is low, a low
emperature such as 450 K is recommended. In this case, the sensi-
ivity is very high, although the response time is somewhat longer.
For applying the probe to plasma devices, effects of incident en-
rgy on the permeation behavior will be discussed. As deuterium
lasma is produced by RF discharge and not electrically biased, a
inetic energy of deuterium is very low, typically 1 eV [19] . So the
euterium atoms from the plasma land on the sample surface in
he present work. In the plasma devices, higher energy hydrogen
toms also contribute to the incident ﬂux. Eqs. (1) to ( 4 ) can still
e applied to this case because these equations do not depend on
hether the atoms impinge to the surface for a low energy case orPlease cite this article as: M. Onaka et al., Characteristic of a pdCu me
and Energy (2016), http://dx.doi.org/10.1016/j.nme.2016.09.001 irectly enter the bulk for a high energy case. There is an excep-
ion that Eq. (1) is replaced by Eq. (16) under such a condition of
ow incident energy and high surface coverage. The recombination
oeﬃcient is considered to be independent of the incident energy,
hich has been conﬁrmed in our previous work [20] . 
. Summary 
To evaluate the performance of a new atomic hydrogen probe
ystem with a PdCu membrane, the deuterium behaviors in PdCu
amples were experimentally investigated using NRA and perme-
tion observations. The diffusion coeﬃcient and recombination
oeﬃcients on the upstream and downstream surfaces were deter-
ined as shown by Eqs. (11) , ( 15 ), and ( 12 ), respectively, based on
he concentration, surface density, steady-state permeation ﬂux,
nd evolution of the permeation. It was found that the sensitivity
f the probe with the 0.02 mm-thick membrane was very high
t low temperatures and independent of the incident ﬂux at a
emperature range of 348–643 K. A typical response time was
.21 s at a probe temperature of 575 K and an incident ﬂux of
0 20 m −2 s −1 , which would allow the real-time measurement of
he incident ﬂux. The upper detection limit in the recombination-
imited permeation was 2 ×10 22 m −2 s −1 , which was much higher
han the incident ﬂux in QUEST. It is concluded that the new PdCu
robe has a good performance for detecting the incident atomic
ydrogen with high sensitivity and a short response time. 
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